Summary The proliferative responses to IGF-1 (Somatomedin C) and TSH, as assessed by 3H-thymidine (3H-TdR) incorporation and autoradiographic labelling index (LI), of suspension and monolayer cultures of human thyroid follicular epithelium derived from both normal and adenoma tissue have been compared. In cultures of normal follicles, whilst neither TSH nor IGF-1 alone produced any effect, a combination of TSH (O.1mUml-1) together with IGF-1 (lOngmP-1) induced a highly significant proliferative response as shown by a peak of 3HTdR incorporation and LI, 4-5 days after growth factor addition. The TSH concentration-effect curve was bell-shaped, a higher concentration of TSH (10mUml-1) resulting in a reduced response.
(3H-TdR) incorporation and autoradiographic labelling index (LI), of suspension and monolayer cultures of human thyroid follicular epithelium derived from both normal and adenoma tissue have been compared. In cultures of normal follicles, whilst neither TSH nor IGF-1 alone produced any effect, a combination of TSH (O.1mUml-1) together with IGF-1 (lOngmP-1) induced a highly significant proliferative response as shown by a peak of 3HTdR incorporation and LI, 4-5 days after growth factor addition. The TSH concentration-effect curve was bell-shaped, a higher concentration of TSH (10mUml-1) resulting in a reduced response. In cultures derived from adenoma tissue, however, TSH alone at 0.1 mU ml' was sufficient to permit a highly significant proliferative response (equivalent to, or greater than the normal) in 4 out of 5 adenomas examined; again a higher concentration of TSH (10 mU ml-1) resulted in a diminished response. Addition of IGF-l (10 ngml -1) produced no significant change in the response to TSH (0.1 mU ml-1) in 3 of these 4 adenomas, and significantly inhibited the response in the fourth adenoma. It is concluded that escape from the requirement for an exogenous source of IGF-1 may be a key step in the development of human thyroid epithelial (follicular cell) neoplasia.
The development of neoplasia is generally regarded as being a multistep process which, through the aberrant expression of cellular oncogenes, results in the generation of cell clones expressing defects of both differentiation and proliferation (Klein & Klein, 1985) .
The mammalian thyroid gland has proved to be a useful in vivo model with which to investigate the development of epithelial neoplasia for several reasons, notably the simple 'single compartment' cell kinetics of the follicular epithelial population and the fact that follicular epithelial tumours can be induced in rodents simply by prolonged elevation of the plasma concentration of thyrotropin (TSH), without recourse to carcinogenic chemicals or radiation (Wynford-Thomas et al., 1982) .
Investigation of the possible cellular mechanisms which may be implicated in the process of neoplastic transformation, however, requires an in vitro model. The human thyroid is more suitable than that of rodents for this purpose since it yields a spectrum of both benign and malignant epithelial tumours which can be easily distinguished macroscopically and dissected from the surrounding normal parenchyma to provide pure cultures of tumour cells. We have accordingly developed in vitro suspension and monolayer culture models of normal human thyroid follicular epithelium as a basis for investigating the hypothesis that the development of human thyroid epithelial neoplasia is accompanied by specific changes in growth factor requirements (Williams et al., 1987) . We have previously demonstrated that in the normal follicular epithelial cell, a proliferative response could be obtained to TSH in vitro, but required the presence of a combination of two permissive factors, namely a supraphysiological concentration of insulin together with a low concentration of foetal calf serum (FCS) and could only be demonstrated in suspension cultures. It was postulated that this combination of insulin and FCS resulted in activation of the cellular IGF-1 (Somatomedin-C) receptor which is known to have an important role in the regulation of proliferation in diverse cell types (Van Wyk & Underwood, 1978 Suspension cultures 3H-TdR incorporation was measured in time courses divided into successive 24h 'windows' of labelling, commencing at the time of follicle plating. The total length of the time course was 6 days. Each window contained 4 replicates of each combination of growth factors tested. 3H-Tdr was added at the beginning of the window to a final concentration of 2 ,uCi ml-1. At the end of the window, the cells were harvested with water onto glass fibre filters using an automated cell harvester (Titertek). 3H-TdR incorporation was assessed by scintillation counting of the dried filters. Results are expressed as the mean incorporation of 3H-TdR (±s.e.) for each combination of growth factors tested during a given 24h window.
Monolayer cultures Individual dishes containing different combinations of growth factors under test were labelled with 3H-TdR (2 uCi ml -1) over successive 48 h periods, commencing immediately after the serum-free resting period. At the end of each labelling period the monolayers were fixed in methanol: acetic acid (3: 1) for 1 h and subsequently air-dried. The dishes were then coated with Ilford K2 emulsion and exposed in the dark (4°C, 4 days) developed and counterstained with Giesma. For each data point, the nuclear labelling index in a random count of 2,000 nuclei was scored. Nuclei having more than 4 grains were counted as positive.
Results

Follicle preparation
The yield of epithelial cells from both normal and adenoma tissue was -1.5 x 107 cellsg-' tissue with viability being >95% as determined by acridine orange/ethidium bromide fluorescence. The epithelium was released either as closed follicles or as sheets which reformed closed follicular structures over the first 24h in suspension culture. Viability of the epithelium remained constant throughout our incubation periods.
No differences were observed by phase-contrast microscopy between normal and adenoma follicles. Electron microscopical studies showed that the released follicles from the extraction process were of normal epithelial polarity with basal nuclei, adluminal microvillous border, supranuclear golgi apparatus and a fragmented basal lamina (Williams et al., 1987) .
Proliferative responses Normalfollicles TSH, when added alone to the cultures (at concentrations up to lOmUml-1), produced no increase in 3H-TdR incorporation as measured either by liquid scintillation or autoradiography over any time interval above that observed in the absence of added growth factors (Figures la,  3a) . Similarly, IGF-1, when present alone in the culture medium (at concentrations up to lOOngml-1) did not increase 3H-TdR incorporation above basal values (data not shown). However, in the presence of IGF-1 at lOngml-1, TSH (at 0.1 mU ml -1) resulted in a highly significant stimulation of 3H-TdR incorporation in all normal suspension cultures tested (total of 4). In a representative experiment ( Figure  Ib) , a peak of 3,722 + 63 cpm occurred on day 4-5 of the culture period, i.e., -5-fold greater than the corresponding basal 3H-TdR incorporation of 758 +43 cpm (P<0.001).
There was a parallel rise in the monolayer autoradiographic nuclear labelling index from 0.6% (basal) to 18.6% on days 2-4 ( Figure 3a ). In contrast, at lower or higher concentrations of TSH no significant stimulation of 3H-TdR incorporation occurred in suspension cultures throughout the 6-day culture period, the day 4-5 incorporation being 1,005 + 114 cpm and 1,132 + 35 cpm for TSH at 0.0 ImU ml -1 and at lOmUml-1 respectively (Figure lb) . Similarly, no stimulation of the monolayer autoradiographic nuclear labelling index was seen with these concentrations of TSHdata not shown. (Increasing IGF-1 concentration above lOngml-1 did not lead to any further increase (or decrease) in the response to TSH).
Adenoma follicles Three out of 5 adenomas gave the pattern of response illustrated (for one case) in Figure 2a ,b. In contrast to the normal epithelium, a single highly significant peak of 3H-TdR incorporation at day 4-5 of the suspension culture period was observed when TSH at 0.1 mU ml-1 was present alone in the culture medium (without IGF-1), the 3H-TdR incorporation rising to 2,900 + 200 cpm from a basal (no growth factor) incorporation of 450±+ lcpm (P <0.001). The corresponding monolayer autoradiographic nuclear labelling index rose from 2% to 12.6% (Figure 3b) . How- ever, TSH at lower (0.01 mUml-1) or higher (IOmUml -1) concentrations gave a much reduced response, the day 4-5 3H-TdR incorporation being 580+27cpm and 900+40cpm respectively (Figure 2a) . The inclusion of IGF-l (lOngml-1) did not significantly affect the response to TSH at 0.1 mU ml-1, the day 4-5 3H-TdR incorporation in suspension culture being 3,700 + 900 cpm in the presence of IGF-1, compared with 2,900 + 200 cpm in its absence (Figure 2a, b) . The monolayer nuclear labelling indices were 10.7% and 12.6% respectively (Figure 3b) .
The second and third adenomas showed a similar pattern of response, with TSH alone at 0.1 mU ml -1 inducing single, highly significant peaks of 3H-TdR incorporation.
In a fourth adenoma, whilst TSH alone (at 0.1 mU ml 1) was again stimulatory, the further addition of IGF-l (at 10 ng ml-1) resulted in a paradoxical inhibition of 3H-TdR incorporation, the day 4-5 value being reduced from 6,998 + 600 cpm with TSH alone, to 1,115 + 70 cpm with TSH plus IGF-1 (P<0.001).
Finally, a fifth adenoma showed an apparent 'spontaneous' 3H-TdR incorporation, occurring in the absence of any added growth factors. A peak occurred on day 2-3 of the culture period, reaching 3,380 + 800 cpm. Addition of TSH at O.lmUml-P with or without IGF-1 at lOngml-l produced no significant stimulation or inhibition of this IGF-1 lOngml-1+TSH lOmUml-P (m).
response, the day 2-3 incorporation being 2,750 + 300 cpm and 2,400 + 187 cpm respectively.
Discussion
We have previously demonstrated that a proliferative response to TSH could be obtained in cultures of normal human thyroid follicular cells, but required the presence of a combination of two permissive factors, namely a supraphysiological level of insulin coupled with a low concentration of serum. This response was demonstrated in suspension cultures both by measurement of 3H-TdR incorporation by scintillation counting and by direct assessment of the nuclear labelling index by autoradiography, the latter being necessary to exclude artefacts arising from changes in the kinetics of thymidine uptake and synthesis (Williams et al., 1987) . However, in this earlier work, no response could be observed in parallel monolayer cultures of normal human follicular epithelium using the same combination of permissive factors.
Our present data now demonstrate that the permissive effect of insulin and serum in suspension cultures of normal human thyroid follicles can be substituted for by a physiological concentration of a single permissive factor, namely IGF-1, a combination of IGF-l (at 10 ng ml-1) and TSH (at 0.1 mU ml-1) producing a highly significant peak of 3H-TdR incorporation occurring on day 4-5 of the culture period. Furthermore, we now find that with this permissive factor, a proliferative response to TSH is also seen in monolayer cultures of normal thyroid follicular epithelium.
The TSH-induced proliferative response in both suspension and monolayer culture of normal follicular cells shows a bell-shaped concentration-effect curve with a clear response to TSH at 0.1 mU ml -1 and loss of this response at 10 mU ml -1. Such bell-shaped responses are a welldocumented feature of in vitro studies of cell proliferation (Bodger et al., 1979; Yen & Lewin, 1981) and have been previously reported in human thyroid follicular epithelium derived from normal glands, Graves' disease and multinodular goitre (Ollis et al., 1986) although, interestingly, not in cultures of follicular epithelium derived from other mammalian species (Roger et al., 1982; Valente et al., 1983; Smith et al., 1986) .
For the comparison of normal and adenomatous follicular epithelium in this study, we have chosen to employ both suspension and monolayer modes of culture. Suspension cultures were used because there is both ultrastructural and functional evidence to support the view that they provide a more valid in vivo representation of the in vitro state of the follicular epithelium (Chambard et al., 1983; Westermark et al., 1986) . Monolayers were used in order to facilitate comparisons between our study and those of other workers, nearly all of whom have employed this mode of culture.
Suspension culture autoradiography is an extremely timeconsuming method of analysis. Since our previous work has always shown a close correlation between peaks of 3H-TdR incorporation, as measured by scintillation counting, and increases in the autoradiographic nuclear labelling index (Williams et al., 1987; Smith et al., 1986) , the analysis of suspension cultures in this study was performed by 3H-TdR scintillation counting alone. However, all critical comparisons of growth responses were confirmed by use of autoradiographic nuclear labelling index in the monolayer cultures.
In cultures derived from follicular adenomas, it was found that 4 adenomas showed single peaks of 3H-TdR incorporation (occurring on day 4-5) in response to the addition of TSH alone. (Again, the TSH-induced proliferative response showed a bell-shaped concentration-effect curve with optimal stimulation occurring with TSH at 0.1 mU ml-I in both suspension and monolayer culture models). IGF-l was without significant effect in 3 out of 4 of these adenomas, and was inhibitory in the fourth case. A fifth adenoma exhibited a spontaneous peak of 3H-TdR incorporation, the presence of either TSH and/or IGF-1 having no additional effect.
It is known that IGF-1 plays an important role in the mitogenic responses of diverse cell types (Van Wyk & Underwood, 1978) . In rodent fibroblasts, for example, entry into S-phase of the cell-cycle is dependent upon the exposure of the cells to a tissue-specific 'competence' factor such as PDGF, together with or followed by a non-(or at least less-) tissue specific 'progression' factor such as IGF-1 (Stiles et al., 1979; Leof et al., 1982) . Our in vitro model of normal thyroid follicular epithelial cell proliferation demonstrates an analogous requirement for both tissue-specific and nontissue-specific growth factors, TSH and IGF-l respectively, although no conclusions can be drawn as to their respective temporal roles in regulating entry into S-phase.
Selective loss of the requirement for IGF-1 in 4 out of 5 adenomas strongly suggests that escape from dependence on an exogenous source of IGF-1 confers a selective growth advantage on these tumour cells. The basis for this, however, is not immediately clear since IGF-1 is usually regarded as a permissive factor, produced by liver (D'Ercole et al., 1984) and fibroblasts (Adams et al., 1984) , which is present at a fixed, non-limiting concentration in the extracellular fluid and it is assumed that thyroid growth is regulated only by the availability of the specific mitogen, TSH. Our results suggest, on the contrary, that the available concentration of IGF-l may in fact be 'growth limiting' in the presence of normal TSH concentrations and that in adenomas elevation of the IGF-1 growth signal, achieved either by autocrine production of the growth factor itself or by activation of its intracellular messengers, permits a continued growth response to occur to a normal level of TSH thus leading to tumour formation. Evidence for autocrine IGF-I production by neoplastic cells has, indeed, been documented in both cultures of neoplastic human breast epithelium (Huff et al., 1986) and haemangiosarcoma (Pavelic et al., 1986) .
In conclusion, our results demonstrate for the first time a synergism between IGF-l and TSH in the control of normal human thyroid follicular cell proliferation when cultured in suspension as closed follicles. Furthermore, we have documented major differences in the in vitro growth factor control of normal and adenomatous epithelium with 4 out of 5 adenomas exhibiting an apparent lack of requirement for exogenous IGF-1. We are currently exploring the possible We are grateful to the Cancer Research Campaign for grant support.
